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Fig. 1. Molecular schematic illustrations of Au nanoparticle
and lipids. Here, DPPC, DFPC and cholesterol (CHOL)
are electrically neutral, while DPPG or DFPG has a
negatively charged headgroup. Additionally, DPPC and
DPPG are fully saturated, while DFPC and DFPG are
poly-unsaturated. The coloring scheme of the nanoparticle

and lipids is used throughout the whole paper.

028701-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 2 (2019) 028701

FEAR SO B AT N OR ORL 2 1 B 4R 1 2%
R AP LR R LGB RO 5 55 A [ Aol
JHT HL G 431 1R 43 B R AU B 2 ) AH BLAE
(IRZIR . PR T 3 FOR TR A B IR 3 25 B, 43
G B T R BB 40%, 60% AT 100%, AH I Y
BB H 20 3R 70, 104 F1 174, FHRE R B9 52 R
25k 1.07 nm—2, 1.62 nm~2 fl 2.67 nm~2. 75 &
VLB I, FOARIGE 2 R 40% F1 60% 11 13 5
B b SRR 25 5 S PRk 15556 i C A IR 2 2 R
100% (B 174 ASECAR) 018 B & —Fh BRAR R 15 100,
SCG ] REROHESEEL, FURHEHEAI I —Fh S R
Gt XSEEARA SR AT FL Y, AT SRR A
. RO R I, AT S Au,py, RRHE—
A BT oA B, Kb m A A IEH
(4) kA7 U HL (=) B9 T A B 98 oK B0k . B 4
Aygy/—qo FR R EON 104, Frriy 70 4 BCA
Skt 7 R T AR 0 A S . AR ST SR BT A 4
KRN 1 .

R 1 ARSUTWHEEORBURL R

Table 1.  Types of Au nanoparticles in this work.
K IIRL [[HZISE 54 G ENIES Pk BC AR
Auzg/i70 70 70 0
Auygy/170 104 70 34
Awyos/4104 104 104 0
Auyz4/570 174 70 104
Awyzyyin 174 174 0
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Fig. 2. Phase-separated lipid bilayer composed of DPPC
(purple), DFPC (pink) and CHOL (gray) with the molar
: 3 : 3. Here, Lo domain is enriched in DPPC
and CHOL, while Ld domain is enriched in DFPC.
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Table 2.  Components of lipid bilayers and lipid domains.
B OB LR Lol 20 53 (7 H k) LABG2H 53 (7 B )
DPPC&DPPG/DFPC/CHOL DPPG DPPC&DPPG/CHOL(HH) DFPC(HH)
DPPC/DFPC&DFPC/CHOL DFPG DPPC/CHOL( %) DFPC&DFPC ()
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U, WA, B T Augg_q FHIHPER Lo
WEFN Ld WL ST HL ) Lo WEAN Ld Wi [a] %) PMF.
TEVTEE PMF R, Lo Wi FIHYAE /35 DPPC
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Fig. 3. Dynamic processes of adsorption of three different positively charged nanoparticles onto the surface of phase-separated lipid
bilayer composed of DPPC & DPPG/DFPC/CHOL: (a) Auzg/y70; (b) Aygy/s1045 (€) Allizgyiiza:
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Fig. 4. Dynamic processes of adsorption of three different positively charged nanoparticles into/onto the surface of the phase-
separated lipid bilayer composed of DPPC/DFPC&DFPG/CHOL: (a) Auzg/y70; (b) Auygy/y10a5 (€) Alizgyiiza:
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Fig. 5. PMF curves of two kinds of positively charged nanoparticles with charged/neutral Lo/Ld lipid domains: (a) Atzg,.7; (b)
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Fig. 6. Final stable structures of adsorption of Auzg/_7p, Aujgs/_104, Alli74/_174 onto the surface of DPPC&DPPG/DFPC/CHOL
(a)—(c) and DPPC/DFPC&DFPG/CHOL (d)— (f) phase-separated lipid bilayers at the simulation time of 15 ps.
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Fig. 7. PMF curves of Auzy_7y with charged/neutral
Lo/Ld lipid domains.
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Fig. 8. Final stable structures of adsorption/penetration of
Auygyyi70 and Auygyyq onto/into the DPPC&DPPG/
DFPC/CHOL (a), (¢) and DPPC/DFPC&DFPG/CHOL
(b), (d) phase-separated lipid bilayers at the simulation
time of 15 ps.
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Fig. 9. Final stable structures of adsorption/penetration of
Auygqy_7p and Auyzy_zy onto/into the DPPC&DPPG/
DFPC/CHOL (a), (¢) and DPPC/DFPC&DFPG/CHOL
(b), (d) phase-separated lipid bilayers at the simulation
time of 15 ps.
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Abstract

Nanoparticles have been widely used in many fields such as nanomedicine and cell imaging. Understanding
the microscopic mechanism of the interaction between nanoparticles and biomembranes is very vital for the
synthesis and applications of nanoparticles. In this paper, using coarse-grained molecular dynamics simulation,
we study the interaction between nanoparticles coated with fully or partially charged ligands and phase-
separated biomembranes containing charged lipids. The results show that the final positions or states of
nanoparticles on/in the biomembranes can be readily modulated by varying the grafting density, ratio, and type
of charged ligands as well as the type of charged lipids. For the nanoparticle with a highly hydrophilic surface,
the nanoparticle prefers to be adsorbed on the surface of the biomembrane. In this case, the electrostatic
interaction determines that the nanoparticle is adsorbed on the surface of liquid-ordered domain or the surface
of liquid-disordered domain. For the nanoparticle with a (partially) hydrophobic surface, the nanoparticle tends
to penetrate into the lipid bilayer from the liquid-disordered domain. In this case, the hydrophobicity of the
nanoparticle plays a crucial role in the penetrating of the nanoparticle. The hydrophilicity or hydrophobicity of
the nanoparticle is affected by the ratio between the charged and neutral ligands, the grafting density of the
charged ligands, and the ionic concentration in the system. Furthermore, the microscopic mechanism of the
interaction between charged nanoparticles and charged biomembranes is revealed by using the potential of mean
force between nanoparticles and lipid domains. The potential of mean force shows that none of the (partially)
charged nanoparticles can spontaneously penetrate into the liquid-ordered domain due to a high free energy
barrier but they can spontaneously penetrate into the liquid-disordered domain with a certain probability.
However, due to the limitation of the simulation time and the number of sampling of the simulations, only some
of the partially hydrophobic nanoparticles which are not initially adsorbed onto the surface of liquid-ordered
domain are found to finally penetrate into the liquid-disordered domain in this work. This work yields some
theoretical insights into the application of nanoparticles in nanomedicine, cell imaging, etc.

Keywords: biomembrane, nanoparticle, phase separation, molecular simulation
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